INTRODUCTION
The Canadian Prairies, situated in the west-central region of Canada (see Fig. 1 ), are highly dependent on precipitation especially during the growing season of May to August when the majority (up to two-thirds) of annual precipitation is received (Longley 1972 , Dey 1982 . Average growing season values range from over 300 mm in west-central Alberta and eastern Manitoba, to less than 200 mm in southern Alberta and into southwestern Saskatchewan (Fig. 2 ). This precipitation is critical to several environmental processes and economic activities and, most notably, to agriculture. There is normally just enough precipitation to sustain agriculture, particularly in the semi-arid regions of southwestern Saskatchewan and southern Alberta. As a result, regional scale precipitation deficits often have severe effects. For example, during 1961 (the worst single-year drought on the Prairies, with approximately 50% of normal growing season precipitation), total net farm income dropped by 48% ($300 million) from the previous year (Canadian National Committee for the International Decade for Natural Disaster Reduction 1994).
Another important factor is the temporal distribution of precipitation within the growing season. Over the agricultural region of the Prairies, maximum rainfall normally occurs from mid June to early July. The timing is advantageous since this is also the period of highest water demand for the growth of crops (Chakravarti 1972) . Variations in this temporal distribution can also have severe effects. In 1988, May and June precipitation was well below normal, while late July and August had ample rainfall, resulting in near normal total growing season precipitation. However, the very dry conditions during the most critical period for crop growth contributed to one of the worst crop yields this century (Wheaton et al. 1992) . The growing season of 1954 had the second highest precipitation on record, yet crop production was approximately 30% below normal (Canadian National Committee for the International Decade for Natural Disaster Reduction 1994). The low yields were likely attributable to anomalously high rainfall during both the very early and late portions of the growing season, thereby causing delays in the planting, maturation, and harvesting of crops.
Variations in growing season precipitation are mainly determined by the storm track position and associated cyclonic and frontal activity. Convective precipitation due to surface heating can also be a major contributor during the warmer summer months (Longley 1972) . Mid-tropospheric circulation is characterized by a large scale ridge whose mean position is west of the Canadian Prairies during the growing season. This results in a general northwesterly flow and associated advection of negative vorticity and subsidence over the Prairie region (Harman & Braud 1975) . Prolonged dry periods and droughts are normally caused by an unusually persistent, stronger than normal ridge which blocks the flow and displaces cyclonic tracks to the north of the study area. At higher levels, the jet stream is positioned in a northwest-southeast direction over the northern Prairies (Dey 1982) . Dry spring and summer months have also been associated with the positive phase of the Pacific North American (PNA) pattern at the 500 hPa level (Knox & Lawford 1990) . At the surface, dry periods are generally related to a higher frequency of migratory warm anticyclones over the Prairie region (Dey & Chakravarti 1976) . Low rainfall amounts have also been linked to persistent, strong surface westerlies over central North America including the Canadian Prairies (Borchert 1950) . Anomalously wet conditions are associated with a collapse of the mid-tropospheric ridge and thus a higher frequency of zonal flow over the study area. The upper level jet stream is often displaced southward in a westeast alignment along the Canada-United States border causing surface level cyclones to be steered over the Prairies (Dey 1977) . The wet conditions are aided by the advection of moist air into the Prairies from the southern United States and the Gulf of Mexico. Recently, there have been several investigations into the variability, trends, and changes of meteorological variables over various regions of the world. Precipitation results have generally indicated considerable spatial and temporal variations during the past century. Over the United States, for example, Karl et al. (1995) determined that area-averaged total precipitation has varied considerably both regionally and across the entire country on decadal scales. No definite centuryscale precipitation trends were discernible; however, since around 1970, amounts have tended to remain approximately 5% above the mean for the entire 20th century. The increases were mainly attributable to higher precipitation during the autumn season. Substantial interdecadal variability has also been observed for Canadian precipitation (Groisman & Easterling 1994) . Within this variability, annual precipitation south of 55°N has increased by approximately 13% since the beginning of the century, and by 17% over northern Canada in the last 40 yr. Specifically for the Canadian Prairies, Bootsma (1994) found no significant trends in summer (June-August) precipitation for selected stations from the late 1880s to the present.
The above demonstrates the importance of growing season precipitation to the Canadian Prairies. Any significant changes or variations in the amount and/or temporal distribution within the growing season can have severe effects. To date, no studies have specifically focused on growing season precipitation variability over this region and, in particular, the important aspect of variations in the temporal distribution. The main purpose of this investigation is to identify and understand the causes of growing season precipitation variability on the Prairies for the period 1905-96. This includes examination of the associated mid-tropospheric and sea-level pressure (SLP) circulation patterns. The data sources are provided in Section 2, while Sections 3 and 4 examine the temporal distribution and amount of growing season precipitation respectively. Results of the atmospheric analyses are presented in Section 5 which is followed by a discussion with concluding remarks.
STUDY AREA AND DATA
The study area for the precipitation analysis approximates the agricultural growing region of the Canadian Prairies which includes the southern portions of Alberta, Saskatchewan, and Manitoba (Fig. 1) . The precipitation data consist of growing season (May to August) daily values for the 37 stations shown in Fig. 1 . They are obtained from a Canadian precipitation data set (originating from the Atmospheric Environment Service archives) in which daily amounts have been adjusted to account for site and instrument changes, wind undercatch, evaporation, wetting loss, and trace events (Mekis & Hogg 1999) . The stations in Fig. 1 are chosen on the basis of record length, relatively few missing data, and good spatial coverage of the study area. Since this investigation focuses on regional scale precipitation variability over the Prairies, the majority of the analyses incorporate areally averaged (i.e. average for the 37 stations) precipitation variables. If a station's data are missing for a particular period (e.g. month), it is not used in the areally averaging procedure for that period. This does not have an appreciable effect after 1930 since the highest number of missing stations for any particular month is only 4. However, due to varying record lengths, the number of stations are constantly reduced from 35 in 1930 to 15 in 1905. These fewer stations are generally evenly distributed across the study area. In addition, a statistical comparison of areal averages from these 15 stations with those from all 37 stations for the period 1930-96 reveals no significant differences in any of the derived precipitation variables. Nonetheless, some caution is required in the interpretation of the earlier results.
Mid-tropospheric circulation data from 1946-96 consist of monthly (12:00 h UTC) 500 hPa height analyses of the Northern Hemisphere (15°to 90°N) on a 455 point, 5°latitude by 10°longitude grid as outlined by Shabbar et al. (1990) . Monthly 500 hPa height anomalies are calculated relative to the 51 yr base period. The surface circulation data is taken from the United Kingdom Meteorological Office (UKMO) gridded mean SLP series for the period 1905-93. They consist of daily values (on a 5°latitude by 10°longitude diamond grid) over the Northern Hemisphere (15°to 90°N). Data for certain regions are missing, particularly before 1930 and during the war years of the early 1940s. However, the majority of these missing values occur over the oceans and thus should not significantly affect this investigation, which focuses on circulation patterns near the Prairies. Further details regarding these data are provided in Jones (1987) . Daily values are used to generate monthly averages. Monthly SLP anomalies are calculated relative to the 1905-93 base period.
The statistical significance of differences between the means of 2 populations is assessed using the standard 2-tailed Student's t-test (e.g. Norman & Streiner 1986 ) and the non-parametric Wilcoxon rank-sum test (Bethea et al. 1995) . The second test, based on ranked data, is not influenced by extremely large or small precipitation amounts. A result is reported as statistically significant if both tests show a difference between the means at the 5% level.
TEMPORAL DISTRIBUTION OF GROWING SEASON PRECIPITATION
Variability in the temporal distribution of precipitation is analyzed using 30 d moving window precipitation totals within the growing season (i.e. May 1 to 30, May 2 to 31, … August 2 to 31; a total of 94 periods). The 30 d or monthly time scale reduces the high degree of variability in daily and even weekly precipitation amounts while the moving window allows for between calendar month (e.g. mid May to mid June) analyses. Fig. 3 Sabbagh & Bryson 1962) . For the purpose of this study, variability in the temporal distribution of growing season precipitation is examined by calculating the weighted centre as follows: This procedure is well suited to the unimodal profile of Canadian Prairie growing season precipitation and is able to quantify shifts in the distribution relative to a particular growing season day. The weighted centre of the temporal distribution in Fig. 3 is calculated to occur on July 1. This date identifies the midpoint of the 30 d period in which precipitation is centred during the growing season. The spatial distribution of average weighted centre values over the Canadian Prairies is given in Fig. 4 . The map shows a general south to north progression toward later dates, with southern Alberta having a centre on June 26 and northern Saskatchewan on July 6. This progression is likely attributable to the south to north advancement of the principal storm track through this region during June and July as outlined by Chakravarti (1972) .
On an annual basis, shifts in the weighted centre represent changes in the temporal distribution of precipitation within the growing season. For example, a shift to an earlier date indicates either more early growing season precipitation, less later growing season precipitation, or a combination of these 2 occurrences. For each growing season, the areally averaged weighted centre anomaly (in days) is calculated relative to the long-term average of July 1. The time series (Fig. 5) shows considerable interannual and interdecadal variability with anomalies ranging from nearly Table 1 shows 1925, 1945, and 1970 are significant for the majority of the analyses. In addition, 1980 is significant for the 10 yr interval. These 'change points' in weighted centre anomalies are also evident in Fig. 5 . As a result, the temporal distribution of growing season precipitation is compared for the 5 periods 1905 -24, 1925 -44, 1945 -69, 1970 -79, and 1980 . Shading denotes 30 d precipitation values that are significantly different. The average weighted centre date and total growing season precipitation for each period are also provided. Fig. 6a shows the temporal distribution was centred slightly earlier during 1925-44 as opposed to 1905-24, mainly due to significantly less precipitation later in the growing season. The first period showed considerably more interannual variability in weighted centres while the latter had consistently earlier values (see Fig. 5 ). Average total growing season precipitation was approximately 4.5% lower for the second period. The temporal distribution for 1945-69 was substantially later in comparison with 1925-44. Significant differences included less June and more July-August precipitation in the latter period. The weighted centre anomalies were consistently later during the 1945-69 interval. The 1970s showed significantly more early growing season precipitation (Fig. 6c) , with the weighted centre anomalies consistently negative for the entire decade (Fig. 5) . Total growing season precipitation was substantially higher in comparison to all previous periods. Following 1979, the temporal distribution again shifted to later in the growing season. This was mainly attributable to less June and more July-August precipitation. The 1980-96 period had considerably more interannual variability in the weighted centre anomalies. Average total growing season precipitation was very similar to the 1970s. Fig. 6 reveals that the significant differences in weighted centre anomalies in Fig. 5 reflected considerable changes in the temporal distribution of precipitation within the growing season. Furthermore, relatively small changes in these weighted centres represented marked differences in the distribution. For example, 1925 -44 versus 1945 ) had only a 5 d difference in the average weighted centre, with the former occurring on June 28 and the latter on July 3. However, this translated into a very large shift in the temporal distribution within the growing season which could potentially have had a large impact on several activities, including agriculture.
AMOUNT OF GROWING SEASON PRECIPITATION
Average monthly precipitation over the Prairies associated with the 5 periods outlined in Section 3 are presented in Table 2 . Numbers in parentheses refer to the percentage change in precipitation from the previous period. On average , June receives the highest precipitation (78.0 mm) followed by July (70.1 mm), August (58.1 mm), and May (48.5 mm). For individual periods, precipitation during 1905-24 was near the long-term average for every month. From 1925-44, there were substantial decreases in July and August rainfall. The later precipitation distribution from 1945-69 was caused by a combination of decreases in both May and June, and large increases in July and especially August. The 1970s had very 1926 1925 1925 1945 1945 1945 1945 1945 1970 1970 1970 1965 1980 Table 1. Years in which significant differences (using the Student's t-test and Wilcoxon rank-sum test at the 5% level) occur in the weighted centre anomalies shown in Fig. 5 . Differences between consecutive, non-overlapping intervals of 10, 15, 20, 25, and 30 yr are analyzed. Dates refer to the initial year of the second period in question large increases in May and June, relatively no change in July, and a decrease in August. The higher early growing season values resulted in a substantial increase in total growing season precipitation. The final period showed decreases in May and June, accompanied by large increases in July and August. In fact, July has replaced June as the month of maximum precipitation. Variability in monthly precipitation is further analyzed by examining the time series of areally averaged standardized precipitation anomalies for each month and the total growing season (Fig. 7a-e 1905-24 vs 1925-44, (b) 1925-44 vs 1945-69, (c) 1945-69 vs 1970-79, and (d) 1970-79 vs 1980-96 In comparison with the temporal distribution, significant variations in monthly precipitation do not exactly match the periods shown in Fig. 5 and Table 2 . This is expected since the weighted centres are influenced by a combination of varying precipitation amounts during the entire growing season. Nonetheless, the variability in monthly precipitation is reflected in the different distributions. The most notable occurred during July and August in the mid 1940s, when precipitation significantly increased. This resulted in a substantial shift in the temporal distribution of precipitation to later in the growing season, as evident in Fig. 6b . The earlier distribution of the 1970s (Fig. 6c) was influenced by the significant increase in May precipitation, as well as generally higher June precipitation during this period. For 1980-96, the distribution again shifted to a later date. This was mainly attributable to a combination of lower June (especially in the 1980s) and more July precipitation. Recall that average July precipitation was higher than June during this period.
ATMOSPHERIC CIRCULATION
On a regional scale, Canadian Prairie growing season precipitation is mainly controlled by the circulation of the mid-troposphere (e.g. Dey 1982) . Monthly 500 hPa circulation patterns are therefore examined. Since reliable 500 hPa data only extend back to 1946, SLP patterns (for which data are available for the entire study period) are also analyzed. At each level, relationships with growing season precipitation are initially analyzed by examining differences in composite circulation and anomaly patterns associated with extreme dry and wet months (e.g. Keables 1989 , Knox & Lawford 1990 . Based on these differences, synoptic scale atmospheric indices which best explain variations in monthly precipitation on the Prairies are developed. Variability in atmospheric circulation patterns are then inferred through time series analyses of the indices.
Mid-tropospheric circulation
Composite Northern Hemisphere 500 hPa circulation patterns and anomalies associated with the 5 driest and 5 wettest Mays from 1946-96 (i.e. approximately the driest and wettest 10%) are shown in Fig. 8 . The dry composites are characterized by meridional flow over North America with an amplification of the climatological west coast ridge and a deepening of the trough over eastern Canada. The Canadian Prairies are located directly under, or on the eastern side of the, mid-tropospheric ridge. This results in drier than normal conditions due to the associated lower level divergence and subsidence and cyclonic systems being diverted north of the region. The anomalies over North America are essentially opposite during wet periods. The west coast ridge is replaced by slight troughing while the eastern Canadian trough is displaced well to the east over the Atlantic. Anomalously wet Mays are therefore associated with a west-east directed flow across the Prairies. This, along with the upper level troughing, results in a higher frequency of cyclonic and frontal activity over the Prairie region (Dey 1977) . In very extreme wet cases (e.g. May 1977, not shown), the flow is also meridional with the ridge and trough positions opposite to dry situations. Composite June circulation patterns and anomalies (not shown) are very similar to May in both the dry and wet cases. Similar processes therefore affect extreme precipitation conditions during both months. Fig. 9 shows that the circulation associated with July dry periods is also meridional; however, amplifications in the ridge and trough are not as pronounced as in May and June. During July, there is a strong north-197 Month 1905 north-197 Month -24 1925 north-197 Month -44 1945 north-197 Month -69 1970 north-197 Month -79 1980 Table 2 . Average monthly precipitation (mm) over the Canadian Prairies for the 5 periods shown in Fig. 6 . Numbers in parentheses refer to the percentage change in precipitation from the previous period. Average values for the entire study period are also provided westerly directed flow over and to the north the Prairie region and relatively weaker flow to the south of the region. The Prairies are dry due to their location with respect to the mid-tropospheric ridging and the northwesterly flow which is likely associated with drier Arctic air. In addition, stronger (weaker) flow to the north (south) is representative of anticyclonic westerly shear vorticity and thus drier conditions over the study area.
July wet cases show a strong, west-east directed flow over the southern Prairies and central United States, while the northern Prairies exhibit a relatively weaker flow. The circulation is somewhat similar to May and June in that the west coast ridge disappears and the eastern trough is displaced towards the Atlantic. The anomalously wet periods are likely attributable to the southerly location of strong west-east directed flow 1958, 1966, 1971, 1967, and 1947 and the wet include 1977, 1974, 1991, 1965, and 1953 of MI represent stronger than normal meridional flow with an amplification of the western ridge, the eastern trough, or both (dry conditions). Negative anomalies are associated with a weakening of the ridge and trough and, thus, a more west-east directed flow over the Prairies (wet conditions). Large negative values also indicate meridional flow with opposite ridge and trough positions to positive values (extreme wet conditions). The composite maps also suggest that differences in the strength of the westerly flow between the northern and southern regions of the Prairies affect precipitation, particularly later in the growing season. These differences are quantified using latitudinal pressure gradients from 120°W to 90°W (the approximate longitudinal extent of the study region) with the following index: ZI = Grad(50°N to 60°N) -Grad (35°N to 45°N) where Grad = average 500 hPa gradient from 120°W to 90°W. 1985, 1984, 1960, 1967, and 1959 and the wet include 1986, 1993, 1982, 1983, and 1955 This index measures characteristics of the west-east flow and is thus termed the Zonal Index (ZI). The 2 latitudinal gradients of 50°-60°N and 35°-45°N are chosen since they show the highest correlations with Prairie precipitation. The former is negatively correlated while the latter has a positive correlation. An examination of circulation maps associated with ZI reveals that positive anomalies represent strong flow in the north (50°-60°N) and weak flow in the south (35°-45°N) (dry conditions) while negative anomalies are indicative of small differences in the strength of flow between these 2 regions. Large negative values signify weak flow to the north and strong to the south (extreme wet conditions). As alluded to previously, the difference in gradients between these 2 latitude bands is representative of westerly shear vorticity over the Prairie region. Positive anomalies are associated with strong anticyclonic shear vorticity, negative anomalies with weak vorticity, and large negative anomalies with cyclonic shear vorticity. Table 3 presents correlation coefficients between the 2 atmospheric indices and monthly precipitation on the Prairies for the period 1946-96. Multiple regression coefficients and percentage of variance explained using both MI and ZI are also provided. All MI values are significantly negative, indicating that during the entire growing season, positive indices (strong ridging over western and troughing over eastern Canada) are associated with lower precipitation and vice versa. The values, however, decrease in strength as the growing season progresses. For ZI, all values are also negative but only July and August are significant. The negative correlation indicates that stronger (weaker) westerly flow to the north (south) of the Prairies is associated with lower precipitation and vice versa. Whereas the strength of the relationships associated with MI decreases from May to August, that associated with ZI increases. Multiple regression shows that 57.1% of the variance in May precipitation is explained using both indices. However, this is not a vast improvement from using only MI and, thus, MI alone is likely a sufficient indicator. June is similar to May except that a smaller portion of the variance is explained. For July and August, the regression analysis suggests that both indices are important.
The above suggests a difference in circulation patterns associated with precipitation variability during the early (May-June) and late (July-August) periods of the growing season. It is evident from Figs. 8 & 9 that the same general wave orientations exist for both dry and wet situations thus explaining the significant correlations with MI during the entire growing season. However, Table 3 also suggests that, as the growing season progresses, the degree of meridionality becomes less important. Near the beginning of July, climatological changes in mid-tropospheric circulation patterns over North America include a strengthening of the mean ridge over the western United States (due to strong continental heating over the Great Plains) and a resultant northward shift in atmospheric pressure systems (e.g. Harman 1991). During July and August, other meridional indices (designed to account for this northward shift) were formulated, but did not improve the correlations with Prairie precipitation. It therefore appears that ZI (which represents shear vorticity changes over the Prairies) has a stronger effect on precipitation later in the growing season. Relationships between ZI and the climatological shift in mean circulation during July and August are beyond the scope of this paper and require further analysis.
An example of the relationships in Table 3 is given in Fig. 10 . This indicates a tendency for less ridging (troughing) over western (eastern) North America since 1974. An examination of the other significant 500 hPa indices in Table 3 (not shown) also shows good agreement with monthly precipitation, especially during extreme dry and wet periods. The time series of these indices had no significant decadal variations, which also complies with June, July, and August precipitation for 1946-96.
SLP circulation
Composite Northern Hemisphere SLP maps for extreme dry and wet Mays are given in Fig. 11 . The main difference in circulation includes a much stronger low pressure over the continental United States which extends into the Prairies during wet cases. In addition, both the high pressure ridge extending from the Arctic and the low pressure over eastern Canada are located further east in comparison with dry 1958, 1966, 1924, 1928, and 1971 and the wet include 1977, 1927, 1974, 1906, and 1991 Mays. These differences are clearly evident in the anomaly maps in Fig. 11b,d . The circulation patterns result in a more southerly flow of moist air into the Prairie region during wet periods and a weak northerly flow of drier air during dry periods. June SLP (not shown) closely resembles May with only slight differences in the strength of the anomalies. July and August SLP patterns are very similar and, therefore, only July is shown here (Fig. 12) . For these months, there is also a difference in the strength and northward extension of the continental low between dry and wet situations; however, it is slightly less pronounced than in May and June. During July and August, large anomalies occur to the north of the Prairie region where lower (higher) pressure is associated with dry (wet) cases. These anomalies are a reflection of a stronger and more westward extended eastern Canadian low during dry periods, and a welldeveloped high pressure over the Arctic during wet periods. For both the dry and wet composites, the cir- 1917, 1936, 1985, 1984, and 1929 and the wet include 1986, 1993, 1909, 1912, and 1982 culation patterns in Fig. 12a ,c indicate relatively weak flow affecting the Prairies. This includes a weak northwesterly flow into the region during dry periods and a weak southerly flow for wet periods. There are, however, fairly pronounced differences in the signs of the anomalies near the study area. In particular, negative (positive) anomalies are located to the north and positive (negative) anomalies to the south of the region in association with dry (wet) months. The patterns correspond to a westerly (easterly) surface wind anomaly over the Prairies. The above shows that the strength and/or displacement of the continental low pressure over the United States, the high pressure over the Arctic, and the eastern Canadian low affect Canadian Prairie precipitation during the entire growing season. However, it appears that changes in the mean position of the high pressure and eastern Canadian low between early and late periods of the growing season result in differences in the location of the strongest anomalies relative to the Prairies. They are generally over and to the east of the Prairie region during May and June and over and to the north of the Prairies during July and August. Atmospheric indices are developed to describe these anomalous surface flow characteristics over the Prairies:
MI SLP = P(45°N to 55°N, 100°W) -P(45°N to 55°N, 80°W) ZI SLP = P(50°N, 120°W to 90°W) -P(60°N, 120°W to 90°W) where P = average SLP value.
For MI SLP , positive anomalies correspond to higher pressure over the Prairies and lower pressure at 80°W (a northerly flow into the Prairies). This is indicative of either a weaker low pressure over the continental United States, a westward displacement of both the high pressure ridge and eastern Canadian low, or a combination of these 2 occurrences. Negative MI SLP anomalies correspond to opposite conditions and thus a southerly flow into the Prairie region. Positive anomalies of ZI SLP indicate higher values over the southern Prairies (at 50°N) and lower values to the north of the Prairies (at 60°N) (i.e. anomalous westerly flow). As with MI SLP , positive ZI SLP are also indicative of a weaker continental low pressure over the United States. They also suggest a stronger and more westward extended eastern Canadian low. Negative ZI SLP correspond to either a stronger and more northward extended continental low, a weaker eastern Canadian low, a well-developed high pressure to the north of the Prairies, or a combination of these events.
Correlation coefficients between the SLP indices and monthly precipitation are provided in Table 4 . Regarding MI SLP , only May and June are significant (negative). Every growing season month has a significantly negative relationship with ZI SLP . The coefficients are similar in magnitude, with June and August having the highest values. The significant values for both MI SLP and ZI SLP indicate that changes in the strength and/or location of the continental low pressure over the United States, the high pressure over the Arctic, and the eastern Canadian low influence Canadian Prairie precipitation during the entire growing season. The large differences between May-June and JulyAugust MI SLP are likely, as alluded to previously, attributable to changes in the mean location of the high pressure over the Arctic and eastern Canadian low between early and late periods of the growing season. Multiple regression using both indices describes a considerable portion of the variance in May and June precipitation (nearly 44%); however, only slightly more than 20% is explained for July and August. The lower variance may be attributable to the occurrence of localized thunderstorms (i.e. convective precipitation) which are normally more frequent later in summer (Longley 1972) .
Time series of the significant SLP indices in Table 4 generally compare well with the monthly precipitation series in Fig. 7 (Fig. 13a,b , the inverse of ZI SLP is plotted for easier comparison with precipitation). In each month, there appeared to be 3 different periods: anomalous easterly flow for 1905-17, westerly from 1918-63, and easterly from 1964 to the present. As expected, both ZI SLP series had several significant differences between these various periods. Those with the highest significance included 1905-17 versus 1918-63, and 1918-63 ver- and 1905-14 versus 1915-62, and 1915-62 versus 1963-93 for August. The ZI SLP values resembled July and August precipitation (Fig.  7c,d ), particularly on decadal scales. The generally low rainfall amounts between the mid 1910s and the mid 1940s were associated with anomalous westerly flow during both months. Since the early 1960s, precipitation has been generally higher especially during July. This period was associated with an anomalous easterly surface flow.
Recall that ZI SLP is influenced by changes in continental low pressure over the United States, the high pressure over the Arctic, and the eastern Canadian low. Fig. 14 shows the July time series of standardized SLP anomalies for individual grid points representative of these 3 surface pressure systems. The most dramatic change involved a substantial lowering in surface pressure over the continental United States from approximately the mid 1970s to the present (Fig. 14a) . These lower pressures likely contributed to the recent increase in July precipitation over the Prairies (Fig. 7c) . On the other hand, the generally higher precipitation for 1905-17 appeared to be influenced by a combination of anomalously strong high pressure over the Arctic (Fig. 14c) and an anomalously weak (or eastward displaced) eastern Canadian low (Fig. 14b) . The lower rainfall amounts from the mid 1910s to mid 1940s were associated with a reversal in the strength of these 2 pressure systems. During both of these earlier periods, there was relatively no change in the strength of the continental low over the United States. August SLP (not shown) closely resembled July for all 3 grid points. The above strongly suggests that the significant interdecadal variability in later growing season precipitation on the Canadian Prairies was influenced by decadal variations in surface pressure patterns over North America. The series in Fig. 14 also indicate that precipitation variability earlier this century was affected by variations in the high pressure over the Arctic and the eastern Canadian low, while more recent changes have been influenced by the continental low over the United States. Further analysis reveals that the significant increase in May precipitation during the early 1970s was also associated with a general deepening of the continental low over the United States (not shown). However, the influence was not as prominent as in July and August.
In summary, the analysis of atmospheric circulation shows several significant relationships between the defined indices at the 500 hPa and surface levels, and monthly precipitation over the Prairies. As with precipitation amounts, significant variations in the circulation indices do not exactly match the temporal distributions in Figs. 5 & 6, and Table 2 . There are, however, several characteristics of the monthly indices evident in the precipitation distributions. For example, the positive anomalies of ZI SLP for 1925-44 likely contributed to the deficit in July and August precipitation, thus influencing the 2 distributions in Fig. 6b . The significant increase in May precipitation during the early 1970s was accompanied by a significant decrease in both MI indices (i.e. less meridional circulation). This contributed to the earlier precipitation shift during the 1970s (Fig. 6c) . Additionally, the increase in July precipitation during 1980-96 was associated with lower ZI values at the 500 hPa and especially the SLP levels ( Fig. 13a) , presumably due to a significant strengthening of the continental low pressure over the United States (Fig. 14a) . 
DISCUSSION AND CONCLUDING REMARKS
This analysis identifies significant interdecadal variability in the temporal distribution and amount of growing season precipitation on the Canadian Prairies for the period 1905-96. In terms of impacts to the Prairies (and particularly, to agriculture), the most critical factor is still the amount of precipitation. However, the temporal distribution within the growing season is also important. The 1930s and 1980s are often cited as the 2 worst drought (including crop yield) decades on the Prairies this century (e.g. Maybank et al. 1995) . On average, the 1980s had almost 10% more total growing season precipitation than the 1930s. The temporal distribution (Fig. 15) shows similar precipitation during the early growing season, but the 1980s had significantly more rainfall in late July and August. A likely reason for low crop yields during the 1980s was the majority of precipitation came too late to aid in the growth of crops. Conversely, the 1930s drought was mainly attributable to very low precipitation amounts during the entire growing season, especially July and August. Further analysis reveals that another factor in the 1980s drought was considerably less non-growing season precipitation in comparison to the 1930s. The reduced soil moisture recharge combined with low early growing season precipitation contributed to low crop yields. Non-growing season climate can also impact the Prairies and therefore requires investigation. Another example of the importance in temporal distribution includes the 1970s (see Fig. 6d ), which experienced very high crop production even though total growing season precipitation amounts were similar to the 1980s. The higher yields were likely due to the abundance of early growing season precipitation. Therefore, even though there appears to be more total growing season precipitation on the Prairies in recent years (Fig. 7e) , the temporal distribution requires consideration since it can have significant impacts on activities such as agriculture.
Factors other than precipitation are important in the growing season climate of the Canadian Prairies. A recent study by Bootsma (1994) indicated that, during the last century, several Canadian Prairie stations have shown an increase in the length of the growing season, a higher number of growing degree days, and significant increases in July air temperatures. Furthermore, predictions of future growing season climate on the Prairies suggest further increases in both air temperature and length of the growing season (Saunders & Byrne 1994 , Herrington et al. 1997 . These factors, along with the precipitation results shown here, need further analysis to gain a better understanding of variations in Prairie growing season climate (including droughts) both in the past and the future. A substantial portion of variance in monthly Prairie precipitation is explained by the defined synoptic scale atmospheric indices at the mid-tropospheric and, to a lesser degree, surface levels. At the 500 hPa level, these indices are likely representative of larger, hemispheric teleconnection patterns over the Northern Hemisphere. In particular, the derived MI is significantly correlated with the typical PNA index (Wallace & Gutzler 1981) during every growing season month. The PNA is also significantly related to monthly growing season precipitation on the Prairies (see Knox & Lawford 1990 ). However, the MI and ZI indices from this investigation explain a higher proportion of variance. As a result, they are a better estimator of precipitation variability on the Prairies (while still identifying variations in larger scale flow over North America).
It is recognized that atmospheric analysis is based on average monthly circulation and smaller time scales would likely provide a more comprehensive understanding of precipitation variability. Nonetheless, monthly values display preferred circulation modes and are indicative of the synoptic scale atmospheric controls governing precipitation on the Prairies. The results shown here may help in the prediction of Prairie growing season precipitation based on monthly forecasts at the 500 hPa level over North America. Additionally, future changes in precipitation amounts and temporal distribution could be inferred from larger scale mid-tropospheric patterns simulated by GCMs (General Circulation Models).
Time series of the atmospheric indices generally display substantial interannual variability, with only a few significant decadal scale changes evident. These include May 500 hPa and SLP MI, and July and August ZI SLP . In 1974, both May MI indices showed a significant decrease, while precipitation significantly increased (Fig. 10) . This suggests that, since the mid 1970s, there has been a tendency for less mid-tropospheric ridging (troughing) over western (eastern) North America during May (see Fig. 8 ). Substantial changes in July and August ZI SLP have been alluded to previously in Figs. 13 & 14. The analysis reveals that interdecadal variability in the continental low over the United States, the high pressure over the Arctic, and the eastern Canadian low have influenced later growing season precipitation on the Prairies. The most notable of these variations involved a substantial decrease in surface pressures over the continental United States from approximately the mid 1970s to the present (Fig. 14a) . Reasons for the observed decadal scale variability in mid-tropospheric and surface circulation patterns are not known and require further investigation. Possible explanations may involve interdecadal atmosphere-ocean variations in the Pacific (e.g. Trenberth & Hurrell 1994 , Mantua et al. 1997 , the Atlantic (e.g. Hurrell 1995), or perhaps, in the case of the continental low over the United States, a response to the build-up of greenhouse gases in the atmosphere.
In conclusion, this study examines the amount and temporal distribution of precipitation within the growing season on the Canadian Prairies and the associated atmospheric circulation patterns. It demonstrates the importance in the temporal distribution of precipitation; a factor that should be considered in the analyses of past and future climatic variability. It is realized that the investigation focuses on larger spatial and temporal scales and that further analysis both regionally within the Prairies and temporally within the growing season may provide more insight. This study can be considered an initial step in identifying and understanding the causes of growing season precipitation 
